The potato (Solanum tuberosum) nucleotide binding-leucine-rich repeat immune receptor Rx confers resistance to Potato virus X (PVX) and requires Ran GTPase-activating protein 2 (RanGAP2) for effective immune signaling. Although Rx does not contain a discernible nuclear localization signal, the protein localizes to both the cytoplasm and nucleus in Nicotiana benthamiana. Transient coexpression of Rx and cytoplasmically localized RanGAP2 sequesters Rx in the cytoplasm. This relocation of the immune receptor appeared to be mediated by the physical interaction between Rx and RanGAP2 and was independent of the concomitant increased GAP activity. Coexpression with RanGAP2 also potentiates Rx-mediated immune signaling, leading to a hypersensitive response (HR) and enhanced resistance to PVX. Besides sequestration, RanGAP2 also stabilizes Rx, a process that likely contributes to enhanced defense signaling. Strikingly, coexpression of Rx with the Rxinteracting WPP domain of RanGAP2 fused to a nuclear localization signal leads to hyperaccumulation of both the WPP domain and Rx in the nucleus. As a consequence, both Rx-mediated resistance to PVX and the HR induced by auto-active Rx mutants are significantly suppressed. These data show that a balanced nucleocytoplasmic partitioning of Rx is required for proper regulation of defense signaling. Furthermore, our data indicate that RanGAP2 regulates this partitioning by serving as a cytoplasmic retention factor for Rx.
INTRODUCTION
Innate immunity of plants protects them against pathogens and shares several features with animal innate immunity (Ausubel, 2005) . In plants, immune receptors are encoded by resistance genes, of which the majority are intracellular nucleotide bindingleucine-rich repeat (NB-LRR) proteins containing an NB domain and LRRs (McHale et al., 2006; Tameling and Takken, 2007; Caplan et al., 2008) . Upon perception of specific pathogenderived virulence proteins, so-called effectors, these immune receptors mediate the induction of a strong defense response. This response is referred to as effector-triggered immunity (ETI) and is often associated with a hypersensitive response (HR), a type of programmed cell death at the infection site (Jones and Dangl, 2006) . Plant NB-LRRs share structural and functional similarities with the animal nucleotide binding leucine-rich repeat (NLR) family of innate immune receptors (Ye and Ting, 2008) and the metazoan apoptosis factors Apaf-1 and CED-4, which are all classified as STAND (signal transduction ATPases with numerous domains) proteins (Leipe et al., 2004) . The NB domain, also referred to as the NB-ARC domain (van der Biezen and Jones, 1998b) consists of the NB, ARC1, and ARC2 subdomains Takken et al., 2006) , and together these form an ATPase domain that is proposed to act as a molecular switch, regulating the signaling activity of the receptor by nucleotide-dependent conformational changes Tameling et al., 2002 Tameling et al., , 2006 Collier and Moffett, 2009; Takken and Tameling, 2009 ). The C-terminal LRR domain provides recognitional specificity and comprises both a positive and a negative regulatory function (McHale et al., 2006; Collier and Moffett, 2009; Takken and Tameling, 2009) . The N-terminal domains of plant NB-LRRs are variable and comprise either a Toll and interleukin-1 receptor-like (TIR) domain or a domain that frequently contains coiled-coil (CC) motifs (Pan et al., 2000; Martin et al., 2003; McHale et al., 2006; Tameling and Takken, 2007) . Although a signaling role has been proposed for the TIR domain in some NB-LRRs (Zhang et al., 2004; Michael Weaver et al., 2006; Swiderski et al., 2009) , evidence that the CC domain can mediate downstream signaling in NB-LRRs is lacking. Recently it was shown that the NB subdomain can trigger defense signaling when expressed in the absence of the other domains, suggesting that the NB subdomain by itself is responsible for initiating downstream signaling (Rairdan et al., 2008; Collier and Moffett, 2009; Takken and Tameling, 2009 ).
For some plant NB-LRRs, perception of their cognate effectors is proposed to be mediated by direct binding of the effector (Jia et al., 2000; Deslandes et al., 2003; Dodds et al., 2006; Ueda et al., 2006; Ellis et al., 2007) . Other NB-LRRs are thought to act as guards that sense perturbations caused by their cognate effectors of specific host proteins, called guardees, virulence targets, decoys, or baits (Van der Biezen and Jones, 1998a; van der Hoorn and Kamoun, 2008; Collier and Moffett, 2009) , which are often bound to the N terminus of NB-LRRs (Collier and Moffett, 2009; Lukasik and Takken, 2009) .
NB-LRR activation eventually results in a vast transcriptional reprogramming (Tao et al., 2003; Eulgem, 2005; Tsuda and Katagiri, 2010) , but how this is initiated is unclear. The finding that the barley (Hordeum vulgare) NB-LRR protein MLA10 interacts with a WRKY transcriptional repressor in the nucleus upon its activation and that the Arabidopsis thaliana NB-LRR RRS1-R is directly fused to a WRKY transcription factor domain (Deslandes et al., 2003) suggest that plant NB-LRRs can directly regulate transcription, perhaps similar to the human NLR protein CIITA (Wright and Ting, 2006; García and Parker, 2009) . Previously, nuclear localization of NB-LRRs was not expected, as discernible canonical nuclear localization signals (NLSs) were generally not predicted in these proteins. Later, using more powerful prediction programs, it was found that various NB-LRRs do contain canonical NLSs Caplan et al., 2008; Liu and Coaker, 2008) . However, experimental proof that these motifs are functional has so far only been provided for RPS4 (Wirthmueller et al., 2007) . Classical nuclear import involves binding of the NLS by importin-a, which together with other factors (e.g., importin-b, Ran, and Ran GTPase-activating protein [RanGAP] ) mediates active transport of the protein through the nuclear pores into the nucleus (Lange et al., 2007; Meier, 2007; Stewart, 2007) . To date, several NB-LRRs have been detected in the nucleus, of which indeed some are likely imported directly via importin-a. However, others, such as MLA10 and MLA1, are potentially imported by an alternative mechanism, as canonical NLS motifs are not detected in their sequences (Deslandes et al., 2003; Burch-Smith et al., 2007; Wirthmueller et al., 2007; Caplan et al., 2008; Liu and Coaker, 2008; Cheng et al., 2009) . This is conceivable, as 43% of the nuclear proteins in yeast do not contain an NLS (Lange et al., 2007) .
Potato (Solanum tuberosum) Rx is a CC-NB-LRR that confers durable resistance to most strains of Potato virus X (PVX) by recognition of its coat protein (CP) through the C-terminal part of its LRR domain (Bendahmane et al., 1995 (Bendahmane et al., , 1999 García-Arenal and McDonald, 2003; Rairdan and Moffett, 2006) . Interestingly, Rx is also able to detect the CP of other Potexviruses, and through a single amino acid substitution in the LRR it even recognizes a Carlavirus (Farnham and Baulcombe, 2006; Baurè s et al., 2008; Candresse et al., 2010) . The PVX resistance phenotype is also displayed in other Solanaceous species transgenic for Rx, such as Nicotiana benthamiana (Bendahmane et al., 1999; Candresse et al., 2010) . Activation of Rx by CP suppresses virus replication early after infection without triggering an HR, a response referred to as extreme resistance (Tozzini et al., 1991; Kohm et al., 1993; Bendahmane et al., 1999) . However, when CP is overexpressed or Rx function is weakened, an Rx-dependent HR is induced (Bendahmane et al., 1999; Sacco et al., 2007; Tameling and Baulcombe, 2007) , indicating that Rx is not functionally different from other NB-LRRs. Indeed, Rx-triggered HR requires Hsp90 and SGT1, proteins that are also required for functionality of other NB-LRR proteins (Peart et al., 2002b; Lu et al., 2003; Shirasu, 2009) .
In studies aimed at identifying proteins that are required for Rx function, a RanGAP was found to copurify with Rx from N. benthamiana (Sacco et al., 2007; Tameling and Baulcombe, 2007) . Together with the small GTPase Ran, RanGAPs are essential for regulation of nucleocytoplasmic trafficking of macromolecules through the nuclear pores in eukaryotic cells (Meier, 2007; Stewart, 2007; Meier and Brkljacic, 2009) . Ran hydrolyzes GTP with the aid of RanGAP in the cytoplasm (Bischoff et al., 1994) , and upon binding to the Ran-specific nuclear transport factor NTF2, Ran-GDP is recycled back to the nucleus where Ran is reloaded with GTP (Quimby et al., 2000) . In plants and animals, part of the cytoplasmic RanGAP pool is concentrated at the outside of the nuclear envelope (Gö rlich and Kutay, 1999; Rose and Meier, 2001; Pay et al., 2002) . In plants, this is mediated by the plant-specific N-terminal tryptophan-prolineproline (WPP) domain of RanGAP that binds to anchor proteins at the nuclear envelope (Rose and Meier, 2001; Pay et al., 2002; Xu et al., 2007; Zhao et al., 2008) . The WPP domain of RanGAP2 and the CC domain of Rx are required and sufficient for RanGAP2-Rx interaction (Sacco et al., 2007; Tameling and Baulcombe, 2007) . RanGAP2 also binds to the nearly identical CC domain of the potato immune receptor GPA2 but does not bind to the more distantly related CC domain of the pepper (Capsicum annuum) immune receptor Bs2. Silencing of RanGAP2 revealed its requirement for Rx-mediated resistance to PVX but not for N-mediated resistance to Tobacco mosaic virus (Sacco et al., 2007; Tameling and Baulcombe, 2007) . What role RanGAP2 plays in Rx signaling has remained elusive to date. Here, we report that, despite the lack of a discernible canonical NLS in Rx, this immune receptor localizes both to the cytoplasm and the nucleus. This was observed upon transient expression of Rx, followed by noninvasive confocal microscopy and was confirmed by stable expression of Rx driven by its native promoter and subsequent biochemical fractionation. Coexpression of Rx with RanGAP2, or domains thereof, dramatically changed the nucleocytoplasmic partitioning of Rx. This effect is likely achieved by physical sequestration of Rx by RanGAP2, as this requires the WPP domain and is independent of its GAP activity. In addition, silencing of RanGAP2 alone or both RanGAPs simultaneously affected the Rx partitioning in the opposite way. This indicates that RanGAP2 facilitates the nucleocytoplasmic partitioning of Rx by serving as a cytoplasmic retention factor. Coexpression of Rx with RanGAP2 potentiates the Rxmediated defense response, and in addition to physical sequestration, it also results in stabilization of the protein, a process that likely contributes to this enhanced activity. Interestingly, coexpression of Rx with the RanGAP2-WPP domain fused to the SV40 NLS results in hyperaccumulation of both proteins in the nucleus and leads to a suppression of Rx signaling. Thus, the nucleocytoplasmic partitioning of Rx dictates its functionality and is facilitated by RanGAP2.
RESULTS

Rx Localizes Both to the Cytoplasm and the Nucleus
To study the subcellular localization of Rx in plants stably expressing the protein, nucleocytoplasmic fractionation studies were performed using transgenic N. benthamiana:Rx4HA showing extreme resistance to PVX (Lu et al., 2003; Tameling and Baulcombe, 2007) . In these plants, expression of Rx, fused to four copies of the hemagglutinin (HA) epitope tag, is controlled by its native regulatory sequences. Surprisingly, despite the absence of a discernible NLS in the Rx protein sequence, fractionation revealed that Rx-4HA was indeed present in both the nuclear and in the nuclei-depleted fraction (Figure 1 ). Hsp90 and SGT1 are part of a chaperone complex that stabilizes NB-LRRs in a potentially signaling-competent state (Shirasu, 2009) . While these two proteins were only detected in the nuclei-depleted fraction, the nuclear protein histone H3 was indeed only detected in the nuclear extract ( Figure 1 ). So, under native conditions, Rx localizes both to the cytoplasm and the nucleus.
Rx and RanGAP2 Coexpression Alters Nucleocytoplasmic Partitioning of Rx
Knowing the subcellular localization of Rx, we set out to perform microscopy-based colocalization studies of Rx and its interactor RanGAP2 in N. benthamiana to study the role of RanGAP2 in Rxmediated resistance to PVX. Therefore, Rx and domains thereof were fused to green fluorescent protein (GFP) and either coexpressed with a negative control or in combination with RanGAP2 in N. benthamiana. Although expression was driven by the strong 35S promoter of Cauliflower mosaic virus (CaMV), most GFP fusion proteins were only just detectable by confocal microscopy, indicating that they are not overexpressed. Only the CC domain showed a higher signal (Figure 2) . The GFP-Rx construct is fully functional as it provides extreme resistance to PVX in transgenic potato and mediates HR in N. benthamiana when coexpressed with the CP of PVX (PVX-CP) (Slootweg et al., 2010) . Functionality of the Rx-CC-GFP and Rx-NB-ARC-GFP fusions was demonstrated by transcomplementation assays, in which the domains lacking in each fusion were coexpressed in trans in N. benthamiana . For both fusions, this coexpression resulted in resistance to PVX (Slootweg et al., 2010) . Functionality of the GFP-Rx-CC-NB fusion was shown by coexpression with an NB-ARC-LRR-Myc fusion, in combination with PVX-CP, which induced an HR (see Supplemental Figure  1 online).
As expected, GFP-Rx localized both to the nucleus and the cytoplasm when coexpressed with the free monomeric RFP derivative mCherry (mC) (Shaner et al., 2004) , serving as a negative control (Figure 2 ). Free mC and GFP also localize to both cellular compartments, as their molecular mass is below the size exclusion limit (;40 kD) for passive diffusion through the nuclear pores (Merkle, 2003) . However, GFP-Rx, with a predicted molecular mass of 140 kD, largely exceeds this exclusion limit and must therefore be actively imported into the nucleus. We also studied the localization of the CC, CC-NB (only containing the NB subdomain and lacking the ARC1 and ARC2 subdomains), and the NB-ARC domains of Rx. All these fusions, when coexpressed with mC, showed a localization similar to full-length Rx (Figure 2 ), but unlike for the latter, passive diffusion might contribute to their nuclear accumulation. Furthermore, Rx-CC-GFP accumulated relatively stronger in the nucleus, compared with the other fusions ( Figure 2) .
To analyze the subcellular localization of RanGAP2, the protein was fused to mC (Rg2-mC) and also transiently expressed in N. benthamiana. Rg2-mC localizes solely to the cytoplasm ( Figure  2 ), similar to the two Arabidopsis RanGAPs (Rose and Meier, 2001; Pay et al., 2002) . The latter show a concentration at the nuclear envelope, a feature that we occasionally observed in cells that expressed RanGAP2 to low levels (see Supplemental Figure 2 online). In most cells, potential nuclear envelope localization is likely masked by equal fluorescence intensities in the cytoplasm and at the nuclear envelope.
Interestingly, when Rg2-mC and GFP-Rx were coexpressed, a dramatic change was observed in the localization of Rx, as GFPRx was now only detected in the cytoplasm (Figure 2 ). Rx-CC-GFP and GFP-Rx-CC-NB showed a similar change in localization, whereas Rx-NB-ARC-GFP localization was not affected upon coexpression with Rg2-mC, indicating that the Rx-CC domain is required for relocation. The localization of Bs2-CC-GFP, which does not bind to RanGAP2 (Tameling and Baulcombe, 2007) , but also localizes to the cytoplasm and nucleus, is not changed when coexpressed with Rg2-mC (Figure 2 ). All the evoked relocation effects with the various RanGAP2 fusions presented in this article are highly robust and are observed in virtually all cells in Immunoblot showing the presence of Rx-4HA in nuclei-depleted soluble (Cyto) and nuclear (Nuc) fractions of transgenic N. benthamiana:Rx4HA plants, which express Rx-4HA under control of the Rx native regulatory sequences. Fractionation was performed in four replicates. The nucleienriched fraction was loaded in a relatively 10-fold higher concentration. Hsp90, SGT1, and histone H3, detected by immunoblotting, were used as fractionation markers. Coomassie blue (CBB) staining of the blot was used as loading control. the infiltrated area as assessed by quick laser scanning of the leaf sample and by imaging of ;10 cells per combination within a single experiment. Each coexpression was at least tested in three independent experiments. The cytoplasmic localization of Rg2-mC itself was not influenced by GFP-Rx coexpression (see Supplemental Figure 3 online). Together, these data show that coexpression of Rx with RanGAP2 affects Rx localization, suggesting that RanGAP2 facilitates the nucleocytoplasmic partitioning of this immune receptor.
Rx Also Interacts with RanGAP1
In previous studies, where the interaction between Rx and RanGAP2 was analyzed by coimmunoprecipitation (co-IP) experiments in N. benthamiana, an interaction with the paralog RanGAP1 (Rg1) was not detected (Sacco et al., 2007; Tameling and Baulcombe, 2007) . To study possible interaction in another system, we performed yeast two-hybrid assays for which two Rx bait constructs were made comprising either both the CC and the NB subdomain or the NB subdomain alone. No yeast growth was observed on selective plates when either Rx-NB or the empty bait vector was cotransformed with any of the RanGAP constructs ( Figures 3A and 3B) . This was expected, as RanGAP2 specifically binds to the Rx-CC domain (Sacco et al., 2007; Tameling and Baulcombe, 2007) . Indeed, the Rx-CC-NB construct did result in growth when cotransformed with either Rg2 or Rg2-DC, but not with Rg2-DN that lacks the Rx-CC-interacting WPP domain. Interestingly, the combination with Rg1 or Rg1-DC also resulted in growth ( Figure 3A) , showing that in yeast not only RanGAP2 but also RanGAP1 interacts with Rx and that this interaction is based on binding of the Rx-CC to the WPP domain of the RanGAPs.
We subsequently checked whether RanGAP1 coexpression also relocates Rx. Indeed, similar to Rg2-mC, Rg1-mC coexpression also leads to a primarily cytoplasmic localization of GFP-Rx and Rx-CC-GFP ( Figure 3C ), suggesting that Ran-GAP1 also interacts with Rx in planta. From the imaging of many cells it seems that RanGAP1 is less efficient in relocating Rx-CC compared with RanGAP2, while both RanGAP proteins accumulated to similar levels ( Figure 3C ) (Tameling and Baulcombe, 2007) . For example, this is visible in Figure 3C in the bottom panel, where in contrast with coexpression with Rg2-mC, coexpression with Rg1-mC does not result in full depletion of Rx-CC-GFP from the nucleus. Probably RanGAP1 has a lower binding affinity for Rx, which explains why this interaction was not detected in previous co-IP experiments that involve Confocal images of N. benthamiana leaf epidermal cells transiently coexpressing GFP-Rx, Rx-CC-GFP, GFP-Rx-CC-NB, Rx-NB-ARC-GFP, or Bs2-CC-GFP (detected by the GFP channel) with Rg2-mC or mC alone (detected by the mCherry channel). Red structures are chloroplasts. C, cytoplasm; N, nucleus. Bars = 10 mm.
extensive washing steps (Sacco et al., 2007; Tameling and Baulcombe, 2007) . These data show that in addition to Ran-GAP2, RanGAP1 also binds to Rx in yeast and that this interaction is very likely to occur in the plant.
GAP Activity of RanGAP2 Is Not Required for Rx Relocation
To investigate whether the effect of RanGAP2 coexpression on the nucleocytoplasmic partitioning of Rx is specific for this protein or is a more general phenomenon caused by increased GAP-activity, we also studied possible relocation of two nuclear marker proteins. For this we used the maize (Zea mays) transcription factor R (Shieh et al., 1993; Zhao et al., 2006) and the Phytophthora infestans effector NUK6, fused to GFP (Kanneganti et al., 2007) . Both proteins contain NLS motifs and are imported via the classical nuclear import mechanism (Meier, 2007) . Moreover, nuclear import of NUK6-GFP in N. benthamiana cells has been shown to depend on the importin receptors Impa1 and Impa2 (Kanneganti et al., 2007) . First, both proteins were transiently expressed and multiple cells were visualized by wide-field fluorescence microscopy. The GFP fluorescence is displayed by pseudocolors using the Fire lookup table (LUT) in the ImageJ software to improve visualization of the different GFP signal intensity levels. Finally, the intensities of the whole field of view covering multiple cells were plotted in an intensity profile of representative images. Each coexpression was analyzed by performing at least three independent experiments, using four to five images per combination, which displayed highly reproducible effects. Indeed, both R-GFP and NUK6-GFP localized strongly to the nucleus when expressed in combination with the negative control, which was mC ( Figure 4A , top panel; see Supplemental Figure 4 online). To our surprise, although there was still clear accumulation of both proteins in the nucleus, there was a marked decrease in nuclear import when Rg2-mC was coexpressed with the R or NUK6 proteins ( Figure 4A , top panel; see Supplemental Figure 4 online). However, nuclear import was much more diminished when Arabidopsis NTF2A was coexpressed. NTF2A specifically imports Ran-GDP into the nucleus, which is essential for proper functioning of the nucleocytoplasmic trafficking machinery (Merkle, 2003) . NTF2A overexpression in N. benthamiana was previously shown to block nuclear import of R-GFP (Zhao et al., 2006) . Indeed, NUK6-GFP primarily localized to the cytoplasm when coexpressed with NTF2A, whereas coexpression with the loss-of-function mutant NTF2A(E38K) (Zhao et al., 2006) did not have this effect ( Figure 4A , top panel). These data show that similar to NTF2A overexpression, RanGAP2 overexpression affects nuclear protein import in general, albeit to a much lesser extent. In Drosophila melanogaster, it was shown that RanGAP (A) NUK6-GFP (a nuclear marker protein) was transiently coexpressed in N. benthamiana leaf epidermal cells with the indicated constructs. The overexpression leads to an increased nuclear pool of RanGAP, which has an inhibitory effect on nucleocytoplasmic trafficking, most likely by depleting the nuclear Ran-GTP pool due to its GAP activity (Kusano et al., 2003) . This likely also occurs in N. benthamiana because fusion of RanGAP2 to the SV40 NLS (Rg2-mC-NLS), thereby directing it to the nucleus, resulted in a much more pronounced increase of coexpressed NUK6-GFP in the cytoplasm, as when Rg2-mC was used ( Figure 4A , bottom panel). Fusion with a mutated nonfunctional SV40 NLS (Rg2-mC-nls*) had an effect on NUK6-GFP localization that was similar to coexpression with non-NLS-fused RanGAP2 (Rg2-mC) ( Figure 4A , bottom and top panels, respectively). Stronger nuclear accumulation of Rg2-mC-NLS, but not of Rg2-mC-nls*, compared with Rg2-mC, was indeed detected (see Supplemental Figure 5 online).
In RanGAPs, the region of the LRR domain that contacts Ran and is highly conserved in RanGAPs of eukaryotes is essential for its GAP activity on Ran (Hillig et al., 1999) . To determine whether the GAP activity of RanGAP2 is required for Rx relocation when coexpressed, a highly conserved Asp residue at position 335 in the LRR domain of RanGAP2 was changed to either Asn or Ala (see Supplemental Figure 6 online), as analogous substitutions in RanGAPs of Saccharomyces cerevisiae, Schizosaccharomyces pombe, and human RanGAP strongly inhibit GAP activity (Haberland and Gerke, 1999) . Rg2(D335N)-mC and Rg2(D335A)-mC localize and accumulate similar to wild-type Rg2-mC ( Figure  4B , top panel, mCherry channel). However, when NUK6-GFP or R-GFP was coexpressed with these mutants, increased accumulation of the protein in the cytoplasm, as observed when coexpressed with Rg2-mC, was no longer observed ( Figure 4A , top panel; see Supplemental Figure 4 online). This indicates that the GAP activity in these mutants is indeed abolished, and that it is the increased GAP activity in the nucleus upon coexpression with wild-type RanGAP2 that inhibits nuclear import of NUK6-GFP and R-GFP. Furthermore, we also deleted the complete LRR domain of RanGAP2, leaving only the N-terminal WPP domain (Rg2-DC-mC), which does not exert GAP activity. When coexpressed, this fusion does not affect NUK6-GFP localization and neither do Rg2-DC-mC-NLS or Rg2-DC-mC-nls* fusions ( Figure 4A , bottom panel).
To investigate whether altered nucleocytoplasmic partitioning of Rx upon RanGAP coexpression can also be ascribed to the increase in nuclear GAP activity, GFP-Rx was also coexpressed with Rg2(D335N)-mC and Rg2(D335A)-mC. While these GAP activity mutants lost the ability to relocate NUK6-GFP or R-GFP ( Figure 4A , top panel; see Supplemental Figure 4 online), they still relocated GFP-Rx to the cytoplasm ( Figure  4B , top panel). We also fused the WPP domain of Rg2 to both b-glucuronidase (GUS) and mC (Rg2-DC-GUS-mC), thereby generating a recombinant protein that due to its size does not passively diffuse into the nucleus ( Figure 4B , bottom panel). Similar to coexpression with Rg2-mC ( Figure 4B , top panel), coexpression with the Rg2-DC-GUS-mC fusion protein, and also with Rg1-DC-GUS-mC, gave rise to increased amounts of GFP-Rx, as well as Rx-CC-GFP, in the cytoplasm ( Figure 4B , bottom panel). By contrast, deletion of the N-terminal WPP domain from Rg2-mC, leaving only the GAP activity-harboring LRR domain (Rg2-DN-mC), did not alter Rx localization when this fusion protein was coexpressed with GFP-Rx, while Rg2-DN-mC accumulated to similar levels as Rg2-mC ( Figure 4B , bottom and top panels, respectively). Coexpression of GFP-Rx with NTF2A, which strongly suppresses nuclear import of NUK6-GFP ( Figure 4A , top panel), did not affect GFP-Rx localization ( Figure 4B, top panel) . Together, these data show that the inhibitory effect on the classical nuclear import pathway, either by increasing GAP activity in the cell (through overexpression of RanGAP2) or by overexpression of NTF2A, has no influence on the nucleocytoplasmic partitioning of Rx. Moreover, it is very likely that depletion of Rx from the nucleus is caused by sequestration of the protein in the cytoplasm as a result of physical interaction of the WPP domain of RanGAP2 with the CC domain of Rx. This suggests that RanGAP2 serves as a cytoplasmic retention factor regulating nucleocytoplasmic partitioning of Rx.
RanGAP2 Functions as a Cytoplasmic Retention Factor Balancing Rx Nucleocytoplasmic Partitioning
To test whether RanGAP2 indeed could serve as a cytoplasmic retention factor, GFP-Rx localization was studied in N. benthamiana in which RanGAP2 alone, or both RanGAPs simultaneously, were silenced by virus-induced gene silencing (VIGS) using recombinant Tobacco rattle virus (TRV). The intensity of GFP-Rx in the cytoplasm and nucleus was quantified based on 38 to 55 imaged cells per TRV construct from different plants, and the average ratio between the intensity in the cytoplasm and the nucleus (C/N) was plotted ( Figure 5A ). Both inoculation with TRV:Rg2 and TRV:Rg1+2 VIGS constructs resulted in a significantly reduced C/N ratio of GFP-Rx when compared with TRV: GUS, which served as a negative control. By contrast, inoculation with TRV:SGT, which silences SGT1, caused a dramatic increase in the C/N ratio, a phenomenon also observed by Slootweg et al. (2010) . Representative images are shown in Figure 5B . These data strongly support the hypothesis that RanGAP2 serves as a cytoplasmic retention factor for the Rx immune receptor. localization of NUK6-GFP was assessed by bright-field fluorescence microscopy. The GFP signal was converted to the Fire LUT to display the different intensities. With the same color representation, intensity profiles (plot profiles) are displayed below each image to indicate the local relative GFP intensities in the cytoplasm and nucleus. Bars = 100 mm. (B) Confocal images of N. benthamiana leaf epidermal cells transiently coexpressing GFP-Rx or Rx-CC-GFP (detected by the GFP-channel) with NTF2A (not fused to mC) or the indicated constructs of RanGAP2 (Rg2) or RanGAP1 (Rg1), fused to mC or mC alone (detected by the mCherry channel). Red structures are chloroplasts. C, cytoplasm; N, nucleus. Bars = 10 mm.
Coexpression of Rx with RanGAP2 Results in Enhanced Defense Signaling
Previously it was shown that in tobacco (Nicotiana tabacum) Rx-HA has weak auto-activity when expressed under control of the CaMV 35S promoter, as it induces a mild HR in the absence of PVX-CP in young leaves after agroinfiltration. This auto-activity is enhanced when parts of the C terminus of Rx are deleted (Bendahmane et al., 2002) . It was concluded that the LRR domain and the ARC subdomains have both a positive and a negative regulatory function on downstream signaling initiated by Rx. In mature fully expanded tobacco leaves, neither expression of Rx-HA nor Rx-CC-NB-HA resulted in visible cell death (Figure 6 ), an observation also reported by others (Sacco et al., 2007) . However, coexpression with Rg2-mC led to a weak HR in combination with Rx-HA and a strong HR in combination with Rx-CC-NB-HA ( Figure 6 ). So, the very weak auto-activity of these Rx constructs is enhanced by coexpression with RanGAP2, a phenomenon that was also reported by Sacco et al. (2007) . To investigate whether the influence of RanGAP2 overexpression on nucleocytoplasmic trafficking ( Figure 4A ) plays a role in potentiating the Rx-mediated HR, the GAP activity mutants Rg2 (D335N)-mC and Rg2(D335A)-mC were coexpressed with Rx-CC-NB-HA. The mutants caused an HR with an intensity that was similar to the HR induced by Rg2-mC (Figure 6 ), indicating that the general inhibition of nuclear import does not play a role in this process. This is further confirmed by the finding that Rg2-DCmC, lacking GAP activity and only containing the WPP domain, also provides this phenotype ( Figure 6 ). Although Rg2-DC-mC is not fused to GUS and therefore is sufficiently small to passively diffuse into the nucleus, in addition to potentiating Rx signaling, its expression also results in a relative increase in GFP-Rx accumulation in the cytoplasm ( Figure 7A ). As mentioned above, this is very likely mediated by physical sequestration of Rx in the cytoplasm. Note that an Rg2-DC-mC/GFP-Rx complex formed in the cytoplasm cannot passively diffuse into the nucleus. Coexpression of Rx-CC-NB-HA with Rg1-mC, which likely only binds weakly to Rx (see above), did not result in an HR ( Figure  6A ). These data suggest that the relative increase of Rx and Rx-CC-NB in the cytoplasm causes enhanced Rx-mediated defense signaling. In subsequent analyses, we checked the Rx-CC-NB-HA and Rx-HA levels in total extracts after coexpression with GUS (as a negative control), Rg2-mC, Rg2-DC-mC, Rg2-DCmC-NLS, or Rg2-DC-mC-nls* by immunoblotting ( Figure 6B ). Besides their effect on the nucleocytoplasmic partitioning and defense signaling of Rx, all these RanGAP2 fusions also caused significant stabilization of Rx-CC-NB-HA, resulting in levels similar to the Rx-CC-NB-GFP:HA fusion ( Figure 6B ). The stabilizing effect of GFP on this fusion was reported previously by Rairdan et al. (2008) and put forward as the reason why, unlike Rx-CC-NB-HA, the Rx-CC-NB-GFP:HA fusion leads to HR when expressed in tobacco or N. benthamiana. However, the stabilizing effect was not apparent with the Rx-HA fusion ( Figure 6C ). It could be that this effect is too small to detect above the variation in CaMV 35S-expressed Rx-HA protein levels in the different extracts and that the levels of Rx have already reached a plateau. To test this, Rx-4HA, under control of its own promoter, was transiently coexpressed with the same constructs ( Figure 6C ). Wild-type N. benthamiana seedlings were inoculated with the indicated recombinant TRV constructs to induce VIGS. TRV:GUS serves as a negative control. TRV:Rg2 targets RanGAP2 alone and TRV:Rg1+2 targets both RanGAPs. TRV:SGT silences SGT1. Three weeks after TRV inoculation, GFP-Rx was transiently expressed, and the localization of GFP-Rx was determined by confocal microscopy 3 d later. From TRV:GUS, TRV: Rg2, TRV:Rg1+2, and TRV:SGT, in total 38, 51, 55, and 4 cells were imaged, respectively. For the first three TRV constructs, six different plants (two leaves for each plant) were sampled. The intensities of the GFP signal in the cytoplasm (C) and nucleus (N) were quantified using ImageJ software. The Rx promoter leads to much lower expression levels than the CaMV 35S promoter (Bendahmane et al., 2002) . Indeed, all coexpressed RanGAP2 constructs now displayed a clear stabilizing effect on Rx-4HA, which supports the idea that in leaf tissue in which Rx-HA expression is driven by the 35S promoter, Rx protein levels cannot increase further. In accordance with this finding, silencing of RanGAP2 alone or both RanGAPs simultaneously leads to a destabilization of Rx-4HA in transgenic N. benthamiana:Rx4HA plants ( Figure 6D ). Silencing of SGT1 also leads to destabilization of Rx-4HA in these plants, which has been shown previously (Azevedo et al., 2006) . In summary, these data show that coexpression of the Rg2 fusions that physically interact with Rx not only has an effect on Rx localization and stability but also enhances defense signaling of Rx-HA and Rx-CC-NB-HA leading to HR.
Hyperaccumulation of Rx in the Nucleus Blocks the HR
When the WPP domain of RanGAP2 is fused to an NLS, the resulting Rg2-DC-mC-NLS protein exclusively localizes to the nucleus ( Figure 7A ). As expected, the control Rg2 fusion, containing a nonfunctional mutated NLS (Rg2-DC-mC-nls*), localizes, similar to Rg2-DC-mC, both to the cytoplasm and the nucleus ( Figure 7A ). When GFP-Rx was coexpressed with Rg2-DC-mC-NLS, hyperaccumulation of Rx in the nucleus was observed ( Figure 7A ), whereas coexpression with Rg2-DC-mC-nls* or Rg2-DC-mC resulted in the expected opposite phenotype, which is a relative increase of GFP-Rx in the cytoplasm ( Figure  7A ). Similar results were obtained when GFP-Rx-CC-NB was coexpressed with the various RanGAP2 fusions ( Figure 7A ; data not shown for Rg2-DC-mC). The massive accumulation of Rx in the nucleus is most likely caused by the nuclear import of the protein through physical association with the SV40 NLS-equipped WPP domain of RanGAP2.
To investigate what effect Rx hyperaccumulation in the nucleus has on Rx-mediated defense signaling, the slightly auto-active Rx-CC-NB-HA fusion was coexpressed with the different RanGAP2 fusions in N. benthamiana. Just as observed in tobacco ( Figure 6A ), Rx-CC-NB-HA did not cause HR in combination with GUS, but when coexpressed with Rg2-mC or Rg2-DC-mC, a clear HR was mounted ( Figure 7B, top row) . Strikingly, when Rx-CC-NB-HA was coexpressed with Rg2-DC-mC-NLS, no HR was observed ( Figure 7B , top row), while total Rx-CC-NB-HA protein levels were increased to similar degrees as with Rg2-DC-mC and Rg2-DC-mC-nls* ( Figure 6B ). Coexpression with the control protein Rg2-DC-mC-nls* again gave HR, similar to expression with Rg2-DC-mC ( Figures 6B and 7B, top row) . This shows that the increased nuclear accumulation of Rx-CC-NB-HA suppresses Rx function. In a random mutagenesis screen, Rx mutants were identified that have an auto-active phenotype when agroinfiltrated in tobacco or N. benthamiana (Bendahmane et al., 2002) . To further substantiate our findings, we subjected the respectively strong and weak auto-active Rx(D460V) and Rx (E400K) mutants to coexpression studies. Unlike Rx-CC-NB-HA, the mutants already triggered an HR when coexpressed with GUS ( Figure 7B , bottom row; see Supplemental Figure 7 online). This auto-activity was not significantly potentiated by coexpression with Rg2-mC, Rg2-DC-mC, or Rg2-DC-mC-nls*, as observed for Rx-CC-NB-HA ( Figure 7B , top row; see Supplemental Figure 7 online). However, the HR was fully suppressed when the Rx mutants were coexpressed with Rg2-DC-mC-NLS ( Figure  7B , bottom row; see Supplemental Figure 7 online). We also included auto-active domain-swap constructs between Rx and the GPA2 immune receptor in our experiments (see Supplemental Figure 7 online). GPA2 provides resistance to the potato cyst nematode Globodera pallida and has an amino acid sequence that is over 88% identical to that of Rx (van der Vossen et al., 2000) . In the R1G23R45 swap construct, the complete NB-ARC domain of Rx has been swapped with that of GPA2, which results in auto-activity (see Supplemental Figure 7 online). The same phenotype is observed when the LRR domain of GPA2 is swapped with that of Rx (swap G13R45; see Supplemental Figure 7 online) (Rairdan and Moffett, 2006) . When coexpressed with Rg2-DC-mC-NLS, the HR triggered by these Rx-GPA2 swaps is completely suppressed, confirming that indeed the immune receptor cannot trigger defense signaling when solely localized to the nucleus, whereas signaling activity is potentiated when it accumulates and is stabilized in the cytoplasm. Since the (A) Confocal images of N. benthamiana leaf epidermal cells transiently coexpressing GFP-Rx or GFP-Rx-CC-NB (detected by the GFP channel) with the indicated RanGAP2 (Rg2) constructs fused to mC, or mC alone (detected by the mCherry channel). Red structures are chloroplasts. C, cytoplasm; N, nucleus. Bars = 10 mm. (B) The weak and strong auto-active Rx variants Rx-CC-NB-HA and Rx(D460V), respectively, were transiently coexpressed in N. benthamiana (at OD 600 = 0.3 and 0.1, respectively) with the indicated Rg2 constructs or GUS in circular areas. Chlorophyll was removed to visualize the HR, which appears as a dark spot. The subcellular localization of Rx is indicated below the pictures.
CC domain of GPA2 also interacts with RanGAP2 (Sacco et al., 2007) , and because we show that the auto-activity of the G13R45 swap construct, containing the GPA2-CC domain, is also suppressed when coexpressed with Rg2-DC-mC-NLS (see Supplemental Figure 7 online), our data strongly suggest that in addition to what is the case for Rx, nuclear hyperaccumulation of GPA2 will also block its ability to initiate defense signaling.
Hyperaccumulation of Rx in the Nucleus Causes Loss of Resistance to PVX
Suppression of the HR upon Rx hyperaccumulation in the nucleus prompted us to test whether altered nucleocytoplasmic partitioning of Rx also affects the actual resistance to PVX. RanGAP2 silencing in N. benthamiana:Rx4HA plants leads to partially compromised resistance to PVX, resulting in spread of the virus accompanied by local and systemic lesions (Tameling and Baulcombe, 2007) . These lesions are the result of a trailing Rx-mediated HR, triggered by increased amounts of PVX compared with fully resistant plants. Such lesions are not observed in wild type susceptible, PVX-infected N. benthamiana leaves. We agroinfiltrated a binary PVX construct together with GUS, Rg2-mC, Rg2-DC-mC, or Rg2-DC-mC-nls* in N. benthamiana: Rx4HA. This did not affect extreme resistance, since lesions were not detected (Figure 8, top panel) . However, when Rg2-DCmC-NLS was expressed in combination with PVX, many lesions appeared in the infiltrated area (Figure 8, top panel) , indicating partial loss of resistance similar to the situation when RanGAP2 is silenced. As reported previously, these lesions are indeed associated with increased virus titers, since clear GFP foci were detected under UV light when PVX-GFP was agroinfiltrated (Figure 8 , middle panel). As expected, these GFP foci became even more intense when the partially resistant transgenic N. benthamiana:Rx(D399V) line (Sacco et al., 2007) was used in this assay (see Supplemental Figure 8 online), indicating that Rg2-DC-mC-NLS coexpression here results in a near complete loss of resistance. These results were confirmed in wild-type N. benthamiana, in which both the Rx-4HA and the RanGAP2 constructs were transiently coexpressed, in combination with PVX-GFP. The amount of agrobacteria carrying the Rx-4HA construct was chosen in such a way that partial resistance occurred, whereby a few PVX-induced lesions already appeared when coexpressed with GUS ( Figure 8, bottom panel) . Indeed, many more lesions appeared when Rx-4HA was coexpressed with Rg2-DC-mC-NLS. By contrast, coexpression of Rx-4HA with Rg2-DC-mC or Rg2-DC-mC-nls* and to a lesser extent also with Rg2-mC led to a reduced lesion phenotype compared with the GUS control (Figure 8, bottom panel) . This increased level of resistance is likely caused by enhanced Rx-mediated defense signaling, which is reflected by the increased level of auto-activity induced by Rx-HA and by the increased Rx-4HA protein levels upon coexpression with these Rg2 fusions ( Figures  6A and 6C) . In summary, these data clearly show that hyperaccumulation of Rx in the nucleus not only suppresses the HR triggered by auto-active forms of Rx but also compromises the actual Rx-mediated resistance to PVX. Conversely, when Rx accumulates and is stabilized in the cytoplasm, defense against PVX is enhanced.
DISCUSSION
Localization of Rx in Both the Cytoplasm and Nucleus Is Required for Defense Signaling
Although the NB-LRR protein Rx does not contain discernible canonical NLS motifs, it does localize to both the cytoplasm and nucleus (Figures 1 and 2) . Furthermore, we found that a forced disequilibrium of the nucleocytoplasmic partitioning of Rx toward nuclear accumulation compromises defense signaling (Figures 7  and 8 ; see Supplemental Figures 7 and 8 online) , showing that a balanced nucleocytoplasmic partitioning is essential for effective Rx-mediated immune signaling. Coexpression of Rx with Ran-GAP2, or particular domains thereof, led to drastic changes in the nucleocytoplasmic partitioning of Rx (Figures 2, 4, and 7) . This was not the result of increased cellular GAP activity, as the lossof-GAP-activity mutants, Rg2(D335N)-mC and Rg2(D335A)-mC, caused the same Rx relocation as the wild-type protein (Figure 4) . Interestingly, coexpression with Rg2-DC-GUS-mC or Rg2-DCmC, in which the GAP activity-harboring LRR domain is deleted, had the same effect, showing that the WPP domain only is responsible for Rx relocation. As RanGAP2 binds to the CC domain of Rx through its WPP domain, this indicates that most likely Rx is physically sequestered by the cytoplasmically localized RanGAP2 fusions. The observation that coexpression of Rx with Rg2-DC-mC-NLS, which is actively imported into the nucleus, results in nuclear hyperaccumulation of Rx is also in favor of sequestration of Rx by RanGAP2 (Figure 7 ). This suggests that RanGAP2 regulates the nucleocytoplasmic partitioning of Rx by functioning as a cytoplasmic retention factor, a mechanism that is common for nuclear proteins (see below; Xu and Massagué , 2004; Kaminaka et al., 2006; García and Parker, 2009; Seo et al., 2010) . Increased levels of such a cytoplasmic retention factor are expected to result in a change in nucleocytoplasmic partitioning toward accumulation in the cytoplasm and decreased levels in a change toward accumulation in the nucleus. These phenomena were indeed observed for Rx, as a change toward cytoplasmic accumulation occurred when Rx was coexpressed with Ran-GAP2, and a change toward nuclear accumulation took place when RanGAP2 was silenced alone or both RanGAPs were silenced simultaneously ( Figures 5A and 5B) .
In previous co-IP studies, no interaction between Rx and RanGAP1 was detected (Sacco et al., 2007; Tameling and Baulcombe, 2007) . However, here, we show that RanGAP1 is not only able to bind to Rx in yeast ( Figures 3A and 3B ) but also in plants, as RanGAP1 also physically sequesters Rx in the cytoplasm ( Figure 3C ). RanGAP1 probably has a lower binding affinity for Rx than RanGAP2, as the relocation of Rx-CC-GFP by RanGAP1 was less dramatic (Figure 3C ), which explains why this interaction was not detected in previous co-IP experiments that involve extensive washing steps (Sacco et al., 2007; Tameling and Baulcombe, 2007) . If RanGAP1 also contributes to Rx function, it is probably not substantial, as specific RanGAP2 silencing led to partial loss of resistance to PVX, whereas specific RanGAP1 silencing did not (Tameling and Baulcombe, 2007) . Furthermore, we found that while coexpression of Rg2-mC enhanced the Rx-CC-NB-HA auto-activity, coexpression with Rg1-mC did not ( Figure 6A ).
The RAR1-SGT1-HSP90 chaperone complex is known to stabilize NB-LRRs, including Rx, in a potentially signaling-competent state in the cytoplasm (Hubert et al., 2003; Holt et al., 2005; Azevedo et al., 2006; Mestre and Baulcombe, 2006; Botë r et al., 2007) . Such a stabilizing mechanism is perhaps not required in the nucleus, as no SGT1 signal was observed in the nuclei-enriched fraction (Figure 1 ). This is in contrast with a previous report that describes the presence of a small pool of SGT1 in the nucleus (Noë l et al., 2007) . Indeed, a very faint HSP90 signal was observed in the nuclear-enriched fraction (Figure 1) , which indicates that very low levels of HSP90 and perhaps additional cochaperones also mediate the stabilization of Rx in the nucleus.
RanGAP2 fusions that sequester Rx in the cytoplasm promote Rx-mediated defense signaling; vice versa, the RanGAP2 fusion The indicated constructs were transiently expressed in transgenic N. benthamiana:Rx4HA (top and middle panels) or transiently coexpressed with Rx-4HA (from a binary vector) in wild-type N. benthamiana (bottom panel) in the marked areas on one leaf. Simultaneously, PVX or PVX-GFP inoculation was performed by coinfiltrating a dilute suspension of agrobacterium carrying a binary vector encoding infectious PVX or PVX-GFP. The appearance of spot lesions (Rx-mediated trailing HR) visible under daylight and GFP foci visible under UV light indicate partial loss of resistance. To be able to study both compromised and enhanced resistance, Rx-4HA was expressed transiently in wild-type N. benthamiana (bottom panel), where the induced resistance was to a certain extent already partial in the negative control (GUS). At 6 or 7 d after inoculation (dpi), leaves were photographed under daylight (first row of panels) or UV light (third row of middle and bottom panels), the latter to visualize the GFP fluorescent foci. After that, chlorophyll was removed and leaves were photographed under daylight to visualize the spot lesions (second row of panels). assays ( Figure 8 ; see Supplemental Figure 8 online). The observation that auto-active Rx mutants do not trigger an HR when they are depleted from the cytoplasm and hyperaccumulate in the nucleus indicates that postrecognition signaling cannot be initiated when Rx resides solely in the nucleus. Thus, for Rx to be able to initiate defense signaling, a balanced partitioning of the immune receptor between the cytoplasm and nucleus is required.
Coexpression of Rx with the various RanGAP2 fusions does not only alter the localization of Rx but also stabilizes the protein, thereby resulting in higher Rx levels. Although the effect was not detected when Rx-HA expression was driven by the CaMV 35S promoter, we could observe a clear stabilization when Rx-4HA expression was driven by its own promoter ( Figure 6C ). The stabilizing effect was also clear on the Rx-CC-NB-HA fusion ( Figure 6B ), a phenomenon that was also observed by others (P. Moffett, personal communication) . In agreement with this finding, silencing of RanGAP2 alone, or both RanGAPs simultaneously, resulted in lower levels of Rx in N. benthamiana:Rx4HA plants ( Figure 6D ), indicating that binding to RanGAP2 is required to maintain a certain steady state level of Rx. As a moderately enhanced defense signaling is observed when full-length Rx is coexpressed with the RanGAP2 fusions ( Figures 6A and 8) , the question arises whether this is caused by Rx relocation, by increased Rx protein stability, or both. Interestingly, fusing fulllength Rx to a nuclear export signal (NES) also leads to strong accumulation of Rx in the cytoplasm. However, instead of promoting resistance to PVX, this resulted in compromised resistance to the virus (Slootweg et al., 2010) . This indicates that although Rx-RanGAP2 coexpression also causes relocation of Rx to the cytoplasm, in this case, the stabilizing effect on Rx, leading to higher Rx protein levels, overrules the relocation effect as observed with Rx-NES by Slootweg et al. (2010) and results in enhanced Rx-mediated defense signaling. This phenomenon is supported by the following observation; silencing of SGT1 leads to strong accumulation of Rx in the cytoplasm (Figure 5 ), which is similar to coexpression of Rx with RanGAP2 ( Figure 2 ) but does not cause an increase in total Rx protein levels ( Figure 6D ). In agreement with this finding, SGT1 silencing leads to decreased instead of increased Rx-mediated defense signaling (Peart et al., 2002b; Tameling and Baulcombe, 2007) . Furthermore, the previously observed partial loss-of-resistance phenotype caused by RanGAP2 silencing (Tameling and Baulcombe, 2007) is probably the result of enhanced nuclear accumulation of Rx, in combination with decreased total Rx protein levels (Figures 5 and 6D) .
Redirection to the cytoplasm of nuclear-resident NB-LRRs, such as MLA10, N, RPS4, and snc1, by fusion to a NES compromises their ability to activate defense signaling (Burch-Smith et al., 2007; Wirthmueller et al., 2007; Cheng et al., 2009 ). This suggests that the requirement of a particular equilibrium in the nucleocytoplasmic partitioning of NB-LRRs for a proper regulation of the defense response is conserved in plants. However, there are no reports on the effect on defense signaling activation when these NB-LRR proteins are depleted from the cytoplasm and are forced to strongly accumulate in the nucleus. Here, we show that nuclear hyperaccumulation of Rx suppresses Rx function (Figures 7 and 8 ; see Supplemental Figures 7 and 8 online). This indicates that for proper functioning, NB-LRRs should be present in the cytoplasm as well as in the nucleus. This was confirmed by Slootweg et al. (2010) , who found that fusion of Rx directly to the SV40 NLS leads to nuclear hyperaccumulation and inhibition of resistance to PVX. Upon its activation, the barley NB-LRR, MLA10, is proposed to relieve the repression of defense gene transcription mediated by two transcriptional regulators in the nucleus by binding to them. This subsequently results in activation of ETI . It would be interesting to test whether an auto-active mutant of MLA10 fused to an NLS triggers a stronger defense response than the nonfused mutant or whether such a fusion compromises defense signaling, similar to what we found for Rx. Such analyses should reveal whether this phenomenon is specific for Rx or whether for other NB-LRRs nuclear accumulation also inhibits defense signaling. Furthermore, activation of MLA1 appears to result in moderately increased levels of MLA1 in the nucleus . To study whether activation of Rx also affects its nucleocytoplasmic partitioning, agrobacteria containing binary constructs expressing either infectious PVX or PVX-CP were infiltrated in N. benthamiana:Rx4HA plants. Leaves were subsequently subjected to nucleocytoplasmic fractionation (see Supplemental Figure 10 online). No clear changes in Rx partitioning were observed, indicating that activation of Rx does, at least not detectably, affect its nucleocytoplasmic partitioning. However, it cannot be excluded that the rate of nucleocytoplasmic shuttling is equally affected in both directions. In summary, our data point out that a balanced partitioning between the cytoplasm and the nucleus is required for proper functioning of the immune receptor Rx.
Potential Roles of Rx in the Nucleus and Cytoplasm
Rx might play a role in the nucleus in transcriptional reprogramming that is common for induction of ETI and systemic acquired resistance (Tao et al., 2003; Eulgem, 2005; Wang et al., 2006; Vlot et al., 2008; Tsuda and Katagiri, 2010) . However, in contrast with a proposed stimulatory effect for the MLA immune receptors , Rx might exert an inhibitory effect in the nucleus on defense gene transcription leading to ETI. This is supported by our finding that nuclear hyperaccumulation of auto-active Rx inhibits defense signaling. However, since the Rx-mediated resistance response is very rapid (Kohm et al., 1993) , Rx might also directly activate an antiviral mechanism in the cytoplasm, which is the location where PVX replicates and where the virus is detected by Rx (Slootweg et al., 2010) . A recent report shows that inhibition of PVX replication probably involves translational inhibition of viral RNA via an argonaute protein that might target a particular viral secondary RNA structure without using PVX-derived small RNAs as guide strands (Bhattacharjee et al., 2009 ). Thus, it is possible that upon activation, Rx immediately initiates this antiviral response in the cytoplasm and that additionally ETI (including systemic acquired resistance) is also induced in the cytoplasm. Alternatively, as described above, the inhibitory effect of Rx on ETI in the nucleus might be relieved by relocating a transcriptional repressor to the cytoplasm. These possibilities need to be explored in future research.
Regulation of Nucleocytoplasmic Partitioning of Rx and Possible Roles of RanGAP in This Process and in Initiating Defense Signaling
Since Rx does not contain a discernible canonical NLS motif, it remains to be determined how Rx is imported into the nucleus. Rx might either contain a complex NLS that is not readily distinguishable from its primary sequence, or it uses a piggyback mechanism that involves binding to an NLS-containing carrier protein (Lange et al., 2007; Genoud et al., 2008) . However, we found that overexpression of NTF2A, which has a dominant inhibitory effect on nucleocytoplasmic trafficking (Zhao et al., 2006) , decreases nuclear import of the NLS-containing protein NUK6, but not of Rx ( Figures 4A and 4B ). This suggests that Rx is imported into the nucleus in an importin-independent manner. Several examples of importin-independent nuclear import exist, and for these proteins import occurs by nucleoporin proteins present in the nuclear pore complex (Xu and Massagué , 2004) . It would be interesting to test whether Rx indeed binds directly to nucleoporin proteins. As mentioned above, we hypothesize that RanGAP2 regulates the dynamic nucleocytoplasmic partitioning of Rx by serving as a retention factor that sequesters a certain amount of Rx in the cytoplasm. This option seems to be a common theme for nuclear proteins (Xu and Massagué , 2004; Kaminaka et al., 2006; Garcia and Parker, 2009; Seo et al., 2010 ). An illustrative example of a cytoplasmic retention factor is Lesions Simulating Disease resistance 1 that retains part of the pool of Arabidopsis bZIP10, which is a transcription factor that is a positive regulator of ETI and PTI, in the cytoplasm to antagonize plant immune signaling (Kaminaka et al., 2006) .
Apart from the scenario in which RanGAP2 only regulates nucleocytoplasmic partitioning of Rx, it is also possible, but not mutually exclusive, that it is involved in PVX-CP perception. In this case, both RanGAP1 and RanGAP2 would act as guardees or baits that are targeted by PVX-CP. Manipulation of the RanGAPs is subsequently sensed by Rx, which thereby activates ETI (Van der Biezen and Jones, 1998a; Collier and Moffett, 2009 ). In the bait and switch model of Collier and Moffett (2009) , it is proposed that RanGAP2 (bait) facilitates the interaction of PVX-CP with the LRR domain of Rx, meaning that PVX-CP is expected to directly interact with both RanGAP and Rx simultaneously. Similarly, a mammalian picornavirus targets Ran GTPase, thereby shutting down nucleocytoplasmic trafficking and facilitating virus replication in the cytoplasm (Porter et al., 2006) . To date, no interaction has been found between PVX-CP and RanGAP2 or Rx (Rairdan and Moffett, 2006; Tameling and Baulcombe, 2007) . Possibly, the interaction is too weak and/or too transient to capture in co-IP or yeast two-hybrid assays, or perhaps the RanGAPs do not serve as guardees/baits. Specific RanGAP2 silencing does not affect PVX replication and movement in susceptible wild-type N. benthamiana plants, which argues against RanGAP2 being a virulence target of PVX-CP (Tameling and Baulcombe, 2007) . However, RanGAP1, which was not targeted by the used VIGS construct, could also be manipulated by PVX-CP. Unlike silencing of either RanGAP1 or RanGAP2, silencing of both RanGAPs simultaneously led to severe morphological phenotypes, including strongly deformed leaves and severe reduction in root biomass (see Supplemental Figure 9A online). Nevertheless, replication and movement of PVX-GFP was not affected (see Supplemental Figure 9B online). So, either both RanGAPs are not required for viral replication and/or movement or the residual amounts of these proteins that are present upon silencing of the encoding genes are still sufficient to aid these processes. Since a stronger downregulation of the RanGAP transcripts would most likely be lethal, it will be hard to obtain conclusive evidence for the RanGAPs being virulence targets of PVX-CP.
Besides RanGAP2, several additional nuclear transport components are important for plant innate immunity. Two Arabidopsis nucleoporin proteins (Nups) that are part of the nuclear pore complex, Nup96 and Nup88, are required for resistance to virulent and avirulent bacteria and the autoimmune response of the auto-active NB-LRR snc1 Cheng et al., 2009) . Interestingly, a mutation in Nup88 caused a reduction in nuclear accumulation of snc1-GFP (Cheng et al., 2009) . A suppressor mutation in Arabidopsis importin a3 was also found to be important for the snc1-mediated autoimmune response (Palma et al., 2005) . Future studies should provide more information how Rx and other NB-LRRs that lack canonical NLS motifs are imported into the nucleus and what roles these NB-LRRs play in the cytoplasm and nucleus to regulate plant innate immunity.
METHODS
Plant Material
Wild-type Nicotiana benthamiana, N. benthamiana:Rx4HA (Lu et al., 2003) , N. benthamiana:Rx(D399V) (Sacco et al., 2007) , and Nicotiana tabacum cv SR1 were grown in the greenhouse under 16 h light at 218C and 8 h darkness at 198C at a relative humidity of ;75%.
Plasmid Construction
All oligonucleotide sequences can be found in Supplemental Table  1 online. The pBIN + -GFP-Rx-CC-NB construct (SOL172) encodes amino acids 1 to 293 of Rx. This region was amplified by PCR with oligonucleotides wo192 and wo193 by which a 59 BamHI site, a Gly-Ser linker, a stop-codon, and a 39 SalI site were introduced. The PCR product was subcloned in the pGEM T-easy vector (Promega; SOL169). The Rx-CC-NB fragment was excised from SOL169 with BamHI and SalI and cloned in BamHI/SalI-digested pRAP-GFP-Rx1 (Slootweg et al., 2010) , by which full-length Rx was exchanged with the CC-NB fragment, resulting in pRAP-GFP-Rx-CC-NB. The pBIN + -GFP-Bs2-CC construct encodes amino acids 1 to 151 of Bs2 from pepper (Capsicum annuum; Tai et al., 1999) . This region was amplified by PCR with oligonucleotides eo1 and eo2, introducing a 59 NcoI and a 39 BamHI site. The fragment was digested with NcoI and BamHI and ligated in NcoI/BamHI-digested pRAP:CC-GFP (Slootweg et al., 2010) , thereby replacing the Rx-CC with the Bs2-CC fragment. The expression cassettes comprising 35Spro: GFP-Rx-CC-NB:Tnos or 35Spro:Bs2-CC-GFP:Tnos were cloned in AscI/ PacI-digested pBIN+ (van Engelen et al., 1995) . mC was PCR amplified from the plasmid pRSET-B mCherry (Shaner et al., 2004) with oligonucleotides wo125 and wo129, introducing a 59 BamHI and a 39 XmaI site, and subcloned in the pGEM T-easy vector resulting in pGEM T-mCherry (SOL2). Amplification of the full-length cDNAs from RanGAP2 (Rg2), RanGAP1 (Rg1), and the RanGAP2-DC (encoding amino acids 1 to 112) and RanGAP2-DN (encoding amino acids 107 to 541) fragments has been described previously (Tameling and Baulcombe, 2007) . These fragments were subcloned previously in the PCR II blunt Topo vector (Invitrogen). All fragments were excised with SalI/BamHI and cloned in the binary pC/SBPc vector digested with the same enzymes, of which the multiple cloning site was adapted by first ligating an oligonucleotide linker created with oligonucleotides wo88 and wo89 in XbaI/SalI-digested pC/SBPc (Tameling and Baulcombe, 2007) . This resulted in the Rg2-csBP, Rg1-csBP, Rg2-DC-csBP, and Rg2-DNcsBP constructs, in which the csBP-tag was replaced with mCherry. For this, the mCherry fragment was excised from SOL2 with BamHI/XmaI and ligated in the BamHI/XmaI-digested csBP fusion constructs. This resulted in the pBIN61-Rg2-mC (SOL6), pBIN61-Rg1-mC (SOL9), pBIN61-Rg2-DC-mC (SOL15), and pBIN61-Rg2-DN-mC (SOL12) constructs, which include the CaMV 35S promoter and nos terminator (this is applicable to all pBIN61-based plasmids described here). For pBIN61-mC (SOL39), the mCherry fragment was released with SalI and XmaI from SOL2 and ligated in SalI/XmaI-digested pC/SBPc, thereby exchanging csBP with mCherry. Full-length GUS was amplified with oligonucleotides wo177 and wo178, introducing a 59 XhoI site and a 39 XmaI site and subcloned in the pGEM T-easy vector. The GUS fragment was excised with XhoI and XmaI and ligated in XhoI/XmaI-digested SOL15, resulting in the pBIN61-Rg2-DC-mC-GUS (SOL122) construct.
Site-directed mutagenesis was performed by overlap extension PCR. For the D335N mutation in RanGAP2, the mismatch oligonucleotides wo155 and wo156 were used. For the D335A mutation in RanGAP2, the mismatch oligonucleotides wo157 and wo158 were used. The mutated RanGAP2 fragments were subcloned in pGEM T-easy, excised with SalI and BamHI, and ligated in SalI/BamHI-digested SOL9, thereby replacing wild-type RanGAP1, resulting in the pBIN61-Rg2(D335N)-mC (SOL30) and pBIN61-Rg2(D335A)-mC (SOL31) constructs. For the introduction of the SV40 NLS (Haasen et al., 1999) , an oligonucleotide linker was designed with oligonucleotides wo169 and wo170 and for the mutated nonfunctional SV40 NLS (Haasen et al., 1999) , an oligonucleotide linker was created with oligonucleotides wo171 and wo172. The linkers were ligated in XhoI/XmaI-digested SOL2, resulting in pGEM T-mCherry-NLS and pGEM T-mCherry-nls*, respectively. The mCherry-NLS and mCherrynls* fragments were excised with BamHI and XmaI and ligated in BamHI/ XmaI-digested Rg2-csBP and Rg2-DC-csBP constructs, resulting in pBIN61-Rg2-mC-NLS (SOL120), pBIN61-Rg2-mC-nls* (SOL121), pBIN61-Rg2-DC-mC-NLS (SOL85), and pBIN61-Rg2-DC-mC-nls* (SOL86). The RanGAP1-DC fragment (encoding amino acids 1 to 107) was amplified by PCR with oligonucleotides wo111 and wo114, introducing a 59 SalI and 39 BamHI site, subcloned in pGEM T-easy, excised with SalI and BamHI, and ligated in SalI/BamHI-digested SOL122, resulting in pBIN61-Rg1-DC-mC-GUS (SOL168).
For the pGBKT7-Rx-CC-NB yeast two-hybrid bait plasmid (SOL1001), the Rx-CC-NB fragment (encoding amino acids 1 to 293) was amplified by PCR with oligonucleotides wo190 and wo191, introducing a 59 EcoRI and 39 BamHI site. For the pGBKT7-Rx-NB bait plasmid (SOL1005), the Rx-NB fragment (encoding amino acids 139 to 293) was amplified by PCR with oligonucleotides wo198 and wo199, introducing a 59 EcoRI and 39 BamHI site. Fragments were subcloned in pGEM T-easy, excised with EcoRI and BamHI, and subsequently ligated in EcoRI/BamHI-digested pGBKT7 (Clontech). The multiple cloning site of the prey vector pGADT7 (Clontech) was modified by ligating an oligonucleotide linker generated with wo200 and wo201 in the EcoRI/XhoI-digested vector. The RanGAP fragments that were subcloned in PCR II Blunt TOPO or pGEM T-easy were excised with SalI and BamHI and ligated in the SalI/BamHI-digested modified pGADT7 vector, resulting in pGADT7-Rg2 (SOL1007), pGADT7-Rg1 (SOL1010), pGADT7-Rg2-DC (SOL1008), pGADT7-Rg2-DN (SOL1009), and pGADT7-Rg1-DC (SOL1017).
The pBIN + -GFP-Rx, pBIN + -Rx-CC-GFP, and pBIN + -Rx-NB-ARC-GFP constructs (containing the CaMV 35S promoter and nos terminator) are described by Slootweg et al. (2010) . pBIN61-Rx-HA, pBIN61-Rx-CC-NB-HA (encoding amino acids 1 to 293), and pB1-Rx(D460V) (containing the 59 and 39 Rx regulatory sequences) are described by Bendahmane et al. (2002) . pBIN61-Rx-CC-NB-GFP:HA is described by Rairdan et al. (2008) . pBIN61-P19 is described by Voinnet et al. (2003) . The binary plasmids pH2GW7-AtNTF2a, pH2GW7-AtNTF2a(E38K), and pGWB5-R-GFP all contain the CaMV 35S promoter and are described by Zhao et al. (2006) . NUK6-GFP in the pGD binary vector containing the CaMV 35S promoter is described by Kanneganti et al. (2007) . For construction of plasmids used in the supplemental data, see Supplemental Methods online.
Agroinfiltration
Binary plasmids were introduced in Agrobacterium tumefaciens strain C58C1, carrying the helper plasmid pCH32, or MOG101. Transient expression was performed as described previously (Mestre and Baulcombe, 2006) , with some modifications. Bacteria were resuspended in MMA containing 200 mM acetosyringone ( Van der Hoorn et al., 2000) . Unless indicated, the suspensions carrying Rx constructs or NUK6-GFP were infiltrated at OD 600 = 0.3 and suspensions carrying RanGAP constructs GUS, NTF2A, or NTF2A(E38K) at OD 600 = 0.5. VIGS assay is described in Supplemental Methods online.
HR and PVX Resistance Assays
The HR induced by auto-activation of Rx fusion proteins was visualized by removing chlorophyll from leaves with 100% ethanol. Resistance to PVX was tested by agroinfiltration with a suspension of Agrobacterium (OD 600 of 0.001) carrying the binary PVX plasmid pGR106 (Lu et al., 2003) or the binary PVX-GFP plasmid pGR208 (Peart et al., 2002a) . These were mixed with the additional Agrobacterium suspensions (e.g., to express GUS or RanGAP2) and simultaneously agroinfiltrated. In wild-type N. benthamiana, resistance was provided by including Agrobacterium carrying the binary plasmid pB1-Rx4HA (Lu et al., 2003) . This suspension was infiltrated at OD 600 = 0.5 because this results in partial resistance.
Confocal and Bright-Field Fluorescence Microscopy
Confocal microscopy was performed on N. benthamiana epidermal cells using a Zeiss LSM 510 confocal microscope (Carl-Zeiss) with a 340 1.2 numerical aperture water-corrected objective. The argon laser was used to excite at 488 nm for GFP and chlorophyll, and the HeNe laser at 543 nm to excite mCherry. GFP and chlorophyll emission were detected through a band-pass filter of 505 to 550 nm and through a 650-nm long-pass filter, respectively. mCherry emission was detected through a band-pass filter of 600 to 650 nm.
Bright-field fluorescence microscopy was performed with a Nikon 90i epifluorescence microscope equipped with a monochromatic camera (Nikon Ds-Qi.1Mc), using a 34 0.13 numerical aperture objective. GFP and mCherry emission was examined using the GFP filter cube (GFP-B, EX 460 to 500, DM 505, BA 510 to 560) or the TRITC filter cube (EX540/25, DM 565, BA 605/55), respectively. The GFP fluorescence intensities were converted to the Fire LUT in ImageJ software (Abramoff et al., 2004) .
Statistical analysis on the intensity measurements using ImageJ software was performed in SPSS15.0 using one-way analysis of variance (P < 0.01), followed by Bonferroni and Dunnett t (two-sided) posthoc multiple comparisons.
Protein Extraction and Immunoblotting
The subcellular fractionation, as shown in Figure 1 , was performed according to . For total protein extracts, two fresh leaf discs (1 cm in diameter) were ground in 8 M urea, 1% SDS, and 100 mM DTT or in 23 sample buffer. Samples were boiled in the presence of SDS loading buffer, centrifuged, and subsequently SDS-PAGE was performed.
HA-tag proteins were detected by immunoblotting using anti-HA-peroxidase (clone 3F10; Roche). HSP90 and SGT1 were detected using polyclonal antibodies raised against SGSa from Arabidopsis thaliana SGT1a or barley (Hordeum vulgare) HSP90-NTD, respectively, which were described previously Azevedo et al., 2006) . Histone H3 and PEPC were detected using polyclonal anti-H3 (acetyl K18) (ab1191; Abcam) and polyclonal anti-PEPC (100-4163; Rockland), respectively. Coomassie Brilliant Blue R 250 staining of the membranes after protein gel blot analysis was used to demonstrate equal loading.
Yeast Two-Hybrid Analysis
Interaction studies were performed in yeast strain PJ69-4a using the Matchmaker GAL4 two-hybrid system according to the manufacturer's protocol. From the transformation plates, 10 colonies were picked per combination and transferred to new SD/-WL and SD/-AHWL plates and incubated for 7 d at 308C to confirm the growth. Of each transformation combination, a colony was used to inoculate a 4-mL SD/-WL culture. After 18 h of growth, a 103 dilution range of these cultures was made from OD 600 = 1 to OD 600 = 1 3 10 25 . Of each dilution, 5 mL was spotted on SD/-WL and SD/-AHWL plates and on plates lacking His, Leu, and Trp, containing 2.5 mM 3-amino-1,2,4-triazole (SD/-HWL + 2.5 mM 3-amino-1,2,3-triazole).
Accession Numbers
Sequence data from this article can be found in the GenBank/EMBL databases under accession numbers EF396238 (RanGAP1), EF396237 (RanGAP2), and AJ011801 (Rx).
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